Objective-To analyze diffusion tensor imaging (DTI) data in the substantia nigra (SN) using a more consistent region of interest defined by neuromelanin-sensitive MRI in order to assess Parkinson's disease (PD) related changes in diffusion characteristics in the SN.
Introduction
Parkinson's disease (PD) is a neurodegenerative disorder characterized by a loss of motor learning and movement control. The catecholamine nuclei in the locus coeruleus and substantia nigra pars compacta (SNpc) degenerate prior to onset of PD symptoms. In the SNpc, the primary effect of PD is the loss of neuromelanin generating dopaminergic neurons (Fearnley and Lees, 1991) and other effects include an elevation of iron concentration (Dexter, et al., 1991; Dexter, et al., 1987; Wypijewska, et al., 2010) . Various magnetic resonance imaging (MRI) techniques, such as diffusion tensor imaging (DTI), susceptibility weighted imaging (Rossi, et al., 2010) , quantitative susceptibility mapping (He, et al., 2015) , and neuromelanin sensitive MRI (Kashihara, et al., 2011; Reimao, et al., 2015b; , have been used to delineate these changes in vivo.
Neuromelanin sensitive-MRI generates neuromelanin contrast using implicit magnetization transfer (MT) effects from the turbo spin echo (TSE) sequence (Kashihara, et al., 2011; Reimao, et al., 2015b; or explicit magnetization preparation pulses (Chen, et al., 2014; Kitao, et al., 2013; Ogisu, et al., 2013) . Both approaches found disease related differences in the locus coeruleus and SNpc (Castellanos, et al., 2015; Matsuura, et al., 2013; Ogisu, et al., 2013; Reimao, et al., 2015a; although the MTbased approach was shown to generate more neuromelanin sensitive contrast in these structures than the TSE sequence (Chen, et al., 2014) . In addition, several studies have found accordance between regions highlighted by neuromelanin-sensitive MRI and histological markers of neuromelanin (Keren, et al., 2009; Keren, et al., 2015; Kitao, et al., 2013) .
DTI allows for the assessment of tissue characteristics using measures such as the degree of diffusion anisotropy, as assessed with fractional anisotropy (FA), and the extent of diffusion, known as mean diffusion (MD) . Several DTI studies have revealed lower FA in the SN in PD (Chan, et al., 2007; Du, et al., 2011; Peran, et al., 2010; Vaillancourt, et al., 2009) . Other studies found no differences in FA in the SN of PD patients (Aquino, et al., 2014; Menke, et al., 2009; Schwarz, et al., 2013) . The discrepancy in results from different studies may be attributed to inconsistencies in SN ROIs used in the analysis of DTI data. In those studies, ROIs were manually drawn on T 2 -weighted (T2w) spin echo (b=0) images and could be highly subjective and variable. This variability has been a confounding factor in identifying potential PD biomarkers from DTI metrics (Schwarz, et al., 2013) .
The variability in SN ROIs defined based on T2w images can be partially attributed to differences in the extent of iron deposition in the SNpc among PD patients. In T 2 -weighted images iron deposition presents themselves as hypointensity. However, iron deposition increases at different rates in PD patients, resulting in variability in the morphology and location of the hypointense region typically used to define SN ROIs for DTI data analysis. An example of such variability is illustrated in Figure 1 .
In addition to the variability of SN ROIs defined in T2w images, these ROIs may not consistently capture the portion of SN containing neuromelanin. In normal subjects, SN volumes delineated by neuromelanin sensitive MRI and T2w images were found to be different not only in signal characteristics, but also spatially. As illustrated in Figure 2 , SN regions detected by neuromelanin-sensitive MRI are located in a more caudal and medial position than the regions found in the T2w images (Langley, et al., 2015) . In PD patients, due to variable iron deposition, ROIs defined on T2w images, in addition to its variability, likely do not consistently capture the portion of SN containing NM.
In this work, we avoid the problem of variability in SN ROIs used in previous studies by creating a standardized SNpc ROI, defined in neuromelanin-sensitive MRI images from healthy controls, and use this ROI to investigate differences in diffusion measures, namely MD and FA, in PD patients. We further compare these results to those from SN ROIs drawn on T2w images. Our results indicate that the ROIs defined using neuromelanin-sensitive MRI led to more significant differences between patients and normal controls.
Methods

Subjects
A cohort of 37 subjects was scanned in the study, and all subjects gave written, IRBapproved, informed consent in accordance with the Declaration of Helsinki in its currently applicable form. Demographic data for the cohort is summarized in Table 1 . The cohort was subdivided into a PD group consisting of 20 subjects (12 males and 8 females; aged 60.3 ± 8.4 years) and a control group consisting of 17 subjects (7 males and 10 females; aged 70.8±5.1 years). The subjects in the PD group were clinically diagnosed PD patients with an average Unified Parkinsonian Disease Rating Scale (UPDRS)-III score of 23.2±9.3. UPDRS-III motor examinations were performed to assess Parkinson's disease state in the ON medication condition. The Montreal Cognitive Assessment (MOCA) scores for the PD and control groups were 27.5±2.3 and 26.7±2.7, respectively. Sixteen subjects displayed lateralized impairment, 9 on the right side and 7 on the left side. Four subjects had both sides equally affected by PD.
Image Acquisition
All imaging data were acquired on two 3 T MRI scanners (TRIO, Siemens Medical Solutions, Malvern, PA) at Emory University using a 12 channel receive only coil. Images from an MP-RAGE sequence (echo time (TE) / repetition time (TR) / inversion time = 3.02 / 2600 / 800 ms, flip angle (FA) = 8°, voxel size = 1.0×1.0×1.0 mm 3 ) were used for registration from subject space to common space.
Diffusion MRI data were collected with a single-shot spin-echo, echo planar imaging sequence. A dual spin-echo technique combined with bipolar gradients was used to minimize eddy-current effects (Alexander, et al., 1997) . Diffusion-weighting gradients were applied in 64 directions with a b value of 1000 s/mm 2 ; TE / TR = 97 / 3292 ms, FOV = 212 × 212 mm 2 , matrix size of 106 × 106, voxel size = 2 × 2 × 2 mm 3 , 64 slices with no gap, covering the entire brain. Two sets of diffusion-weighted images with phase-encoding directions of opposite polarity were acquired to correct for susceptibility distortion (Andersson, et al., 2003) . For each diffusion-weighted acquisition, six images without diffusion weighting (b=0 images) were also acquired with matching imaging parameters.
DTI processing
Imaging data were analyzed with FSL (Jenkinson, et al., 2002; Jenkinson and Smith, 2001; Smith, et al., 2004) and MATLAB (The Mathworks, Natick, MA). Standard preprocessing steps were used to correct susceptibility induced distortions in the diffusion MR data. Diffusion MR data were first corrected for eddy-current distortion and for susceptibility distortion following the method of Andersson et al. (Andersson, et al., 2003) as implemented in FSL. Next, skull stripping of the T 1 -weighted image and susceptibility corrected b=0 image was performed using the brain extraction tool in the FSL software package (Smith, Langley et al. Page 3 Hum Brain Mapp. Author manuscript; available in PMC 2017 July 01.
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Author Manuscript 2002). Finally, measures derived from the diffusion MR data, including fractional anisotropy (FA) and mean diffusivity (MD), were calculated using the dtifit tool in FSL. This procedure is illustrated schematically in Figure 3A .
Creation of neuromelanin SN masks
Neuromelanin-sensitive MRI SN (NM SN) masks of a group of 11 normal subjects reported in a previous study (Langley, et al., 2015) were transformed into the Montreal Neurological Institute (MNI) common space using FMRIB's Linear Image Registration Tool (FLIRT) and FMRIB's Nonlinear Image Registration Tool (FNIRT) tools in the FSL software package (Smith, et al., 2004; Woolrich, et al., 2009 ) as follows. First, a linear transformation from neuromelanin space to T 1 space was derived using FLIRT and individual SN masks were transformed to their respective T 1 -weighted images using the aforementioned linear transformation. The resulting SN masks were transformed into common space by applying a nonlinear transform from T 1 space to common (MNI) space. The nonlinear transform from T 1 space to common space was derived using the following procedure: first, brain extracted images from the T 1 -weighted MP-RAGE sequence were aligned with the MNI brain extracted image using an affine transformation (FLIRT). Second, a nonlinear transformation (FNIRT) was derived for transformation from individual subject T 1 space to common space.
After the transformation of each SN mask into MNI space, population masks for the NM SN were generated by averaging the left and right SN volumes across all subjects. The SN population mask was thresholded at a level of 0.6, corresponding to at least 60% of subjects sharing the voxel, and binarized. The resultant mask will be referred to as the NM SN mask.
Transformation of neuromelanin SN masks
The group NM SN mask, described in the previous section, was transformed from MNI space to individual space as follows. First, the T 1 weighted image was brain extracted and aligned with the MNI brain extracted image using an affine transformation in FLIRT. Second, a nonlinear transformation (FNIRT) was used to generate a transformation between individual subject space and common space. Finally, the transformation from T 1 to MNI space was inverted and the NM SN masks were transformed to T 1 subject space. This process is shown in Figure 3B .
For each individual subject, the FA map was registered to the brain extracted T 1 -weighted image and transformed to T 1 -space using FLIRT, and the transformation matrix was saved. After this transformation, there was no discernible difference between the location of white matter tracts in the T 1 -weighted image and those in the susceptibility distortion corrected FA map. Finally, the saved transformation matrix from T 1 weighted image space to diffusion space was applied to the NM SN masks to transform them from T 1 -space to diffusion space (Li, et al., 2013; Li, et al., 2012a; Li, et al., 2012b) .
Rostral and Caudal SN masks
The NM SN mask was divided into rostral (half of the mask) and caudal (half the mask) portions in MNI space to assess regional effects of PD in the SN. Both regions were transformed into the image spaces of individual subjects. In each region, average MD, average FA, and overlap with the hypointense SN were calculated.
Hypointense SN mask
In most published studies, the SN was defined as the hypointense region between the cerebral peduncle and red nucleus in b=0 images. This region, referred to as the hypointense SN here, was found using the procedure described below. In the b=0 image of each subject, the SN was identified as the hypointense region between the cerebral peduncle and red nucleus. A mask incorporating this area was drawn by hand on the b=0 image by JL, similarly as in Schwarz (Schwarz, et al., 2013) . JL was blinded to the status of each subject during this procedure. Diffusion metrics in this region were calculated for both subject groups and compared between them.
Overlap
Increased iron deposition in the SNpc is seen in histological studies (Dexter, et al., 1991; Dexter, et al., 1987; Wypijewska, et al., 2010) . One effect of this deposition is increased hypointensity in SNpc. The overlap between NM SN and T2w hypointense SN, defined below, offers a non-quantitative means to evaluate this deposition in NM SN.
(1)
where SN NM and SN hypointense denote the NM SN and T2w hypointense SN volumes, respectively.
Statistical Analysis
Statistical analyses were performed using SPSS version 22 (IBM SPSS Statistics, Chicago, Illinois, USA). Quantitative data are expressed as mean ± standard deviation. A one-tailed ttest with a significance level of p=0.05 was used for group comparisons. Correlations were performed between individual DTI measures, FA and MD, respectively, with UPDRS-III motor score and MOCA score, respectively. The correlation was considered to be significant if p<0.05.
difference in mean FA was seen in the T2w SN volume (PD: 0.36±0.03; Control: 0.37±0.03; p=0.36). In addition, the average mean diffusivity (MD) exhibited no statistically significant difference between the two groups in the SN for the T2w SN volume (PD: 3.43×10 -4 mm 2 /s ±1.53×10 -4 mm 2 /s; Control: 3.39×10 -4 mm 2 /s ±9.40×10 -5 mm 2 /s; p=0.43), while a statistically significant difference was seen in mean MD between PD and control groups for the NM SN (PD: 4.88×10 -4 mm 2 /s ±1.46×10 -4 mm 2 /s; Control: 5.73×10 -4 mm 2 /s ±4.56×10 -5 mm 2 /s; p=0.01). These results are summarized in Figure 4 .
Rostral and caudal comparison within NM mask
The NM SN in MNI space was subdivided into rostral and caudal portions as shown in Figure 5 , and both regions were transformed into the imaging spaces of individual subjects. Interestingly, disease effects are greater in the rostral portions of the NM SN when compared to the caudal portion of the mask. The mean FA in the caudal mask for the PD and control groups was 0.36±0.04 and 0.39±0.03 (p=0.01), respectively, while the mean FA in the rostral portion of the NM SN was 0.37±0.03 and 0.40±0.02 (p=0.001) for the PD and control groups, respectively. A significant difference was seen in the mean MD between PD and control groups for the caudal (PD: 4.51×10 -4 mm 2 /s ±1.53×10 -4 mm 2 /s; Control: 5.29×10 -4 mm 2 /s ±6.30×10 -5 mm 2 /s; p=0.03) and rostral portions (PD: 5.40×10 -4 mm 2 /s ±1.53×10 -4 mm 2 /s; Control: 6.20×10 -4 mm 2 /s ±5.85×10 -5 mm 2 /s; p=0.001) of the NM SN. These results are shown in Figure 5 .
UPDRS correlation and lateralization analysis
No statistically significant correlation was seen between MD and UPDRS-III score in any SN volume (NM SN, T2w, rostral and caudal portions of NM SN). The FA in the NM SN showed a moderate correlation with UPDRS-III score (R 2 =0.13; p=0.06), as did FA in the rostral portion of the NM SN (R 2 =0.17; p=0.04). These correlations are shown in Figures 6A and 6B, respectively. No statistically significant correlation was seen between FA and UPDRS-III score in the other SN volumes (NM SN, T2w, caudal portions of NM SN). Furthermore, no significant correlation was seen between either mean MD or mean FA and MOCA in any SN volume.
Lateralized UPDRS-III sub-scores were summed, and the side more with a higher summed score was set as the side more affected by PD. In the SN volume contralateral to the more affected side, the PD group had a lower FA than the control group (PD: 0.36±0.03; CO: 0.41±0.03; p<10 -4 ). In addition, SN degeneration is asymmetric in the NM SN. Specifically, greater disease effects were seen in the FA in the rostral portion of the SN on the side contralateral to the more affected than the other side (p=0.03). FA in the more affected side and total UPDRS-III score were moderately correlated (R 2 =0.18; p=0.10), as shown in Figure 6C .
Discussion
In this work, we defined SN ROIs using SN volumes from neuromelanin sensitive MRI and applied them to ascertain changes in FA and MD due to PD. For comparison, the DTI measures in ROIs defined based on T2w images were also analyzed. While no disease-related changes in FA and MD were found in the T2w SN ROIs, statistically significant changes in FA and MD between PD and control groups were detected in the NM SN ROIs. Interestingly, the rostral portion of the NM SN was found to have a larger disease-related effect than the caudal portion of the NM SN. In addition, in the rostral portion of the NM SN, the FA was lower on the side contralateral to the more affected side, consistent with disease laterality.
Localization of SN ROIs
Inconsistency in locations of ROIs used for the SN could account for the variability in results of previous DTI studies of PD (Aquino, et al., 2014; Chan, et al., 2007; Du, et al., 2011; Menke, et al., 2009; Peran, et al., 2010; Schwarz, et al., 2013; Vaillancourt, et al., 2009 ). The study by Vaillancourt, et al exhibited the biggest effect size in PD related changes in the SN (Vaillancourt, et al., 2009) . In that study, ROIs were placed in the hypointense area in the slice inferior to the most inferior extent of the red nucleus. Although an accurate comparison of the volumes between the Vaillancourt study and the present work is difficult given the inconsistency in spatial location between T2w and NM SN volumes (Langley, et al., 2015) , the ROIs used in the Vaillancourt study are located in a similar anatomical position as the intersection of the rostral portion of the NM SN and the hypointense SN volume in the b=0 image. A similarly sized disease effect is seen in the rostral portion of the NM SN in the present work.
Increased iron deposition in the SN for PD patients, and associated hypointensity, adds further variability to the definition of ROIs based on T2w images since increased hypointense volume is not present in all subjects with PD. This is illustrated in Figure 1 where a slice 4 mm (or two slices) inferior to the most inferior extent of the red nucleus for two subjects from the PD group is shown. In one subject, in the slices shown in Figures 1a  and 1b , additional hypointensity is seen and would be included in the SN volume while there is no hypointense signal in the same region for another subject (shown in Figures 1c and 1d) . The SN volume from neuromelanin-sensitive MRI includes this region for both subjects. If the b=0 image, which has similar contrast characteristics as T2w, was used to draw the ROI, the NM SN in Figure 1d would not be included in the analysis as it is not within the hypointense region.
The inconsistency in the location and volume of SN ROIs, as shown in the b=0 image, could explain the discrepancy between studies showing significant FA and MD changes in the SN of PD patients (Chan, et al., 2007; Du, et al., 2011; Peran, et al., 2010; Vaillancourt, et al., 2009 ) and those showing no PD related effects (Aquino, et al., 2014; Menke, et al., 2009; Schwarz, et al., 2013) . These studies used a similar definition for SN ROIs as Vaillancourt (Vaillancourt, et al., 2009) . However, as shown in Figure 1 , PD patients in these studies with less iron deposition and less hypointensity in the b=0 image could appear to have a smaller disease effect in DTI measures if the ROIs were determined by the T2w SN volume, which was found to exhibit no disease-related changes in DTI measures in this study. Langley et al. Page 7 Hum Brain Mapp. Author manuscript; available in PMC 2017 July 01.
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Effect of iron on diffusion measures
We observed that the hypointense region of the SN in the b=0 image extended outside the T2w SN volume in many PD patients and this region always extends from the border of the T2w and NM SN volumes to interior portions of the NM SN. The mean overlap between the hypointense region and the NM SN was found to be approximately 43% for the PD group as compared to approximately 20% for the control group. The hypointensity could be due to accumulation of iron in these areas since multiple T2w imaging studies have shown an increase in iron content in the SN for subjects with PD when compared to controls (Du, et al., 2011; Lotfipour, et al., 2012; Martin, et al., 2008) . In addition, it has been shown that diffusion-weighted MRI volumes are sensitive to iron (Fujiwara, et al., 2014) and increased iron content might explain the higher sensitivity to PD related changes in the rostral volume. In this volume, any effects from iron would be combined with changes reflected in the underlying tissue due to pathology since the loss of MR signal from increased iron deposition has been found to decrease the FA in regions with high and intermediate FA values (Landman, et al., 2008) .
In b=0 images of PD subjects, less hypointense signal was observed in the region corresponding to the caudal portion of the NM SN and, although iron related measures (such as R 2 *) were not collected in this study, we can infer lower concentrations of iron in the caudal portions of the NM SN from the lack of hypointensity in the b=0 image. Specifically, 55% of the rostral portion of the NM SN showed hypointensity in PD patients while approximately 10% overlap was seen between the caudal portion exhibited hypointense signal. Given this, the differences in FA seen in the caudal portion could be primarily due to changes in the underlying tissue and not a combination of diffusivity and iron accumulation as is likely the case in the rostral portion of the NM SN. However, future studies comparing iron sensitive measures (such as R 2 *) and diffusion measures in the caudal and rostral NM SN regions are needed to verify this hypothesis.
In controls, approximately 20% of the NM SN shows hypointensity while significantly more hypointensity is seen in NM SN of PD patients (∼50% of NM SN shows hypointensity). Importantly, the zone within the NM SN volume that exhibits hypointensity in PD is located in the lateral and ventral portions of the NM SN. This correlates with the well described histopathology of PD which is characterized by degeneration of melanized dopamine neurons in the lateral ventral tier of SNpc (Damier, et al., 1999; Fearnley and Lees, 1991; Hassler, 1938) . Microglia are activated when neuromelanin containing neurons die and neuromelanin granules are released into the extracellular space. Because neuromelanin granules are insoluble they may potentiate a chronic state of microglial activation and neuroinflammation. As these granules are phagocytosed and degraded, the toxic species sequestered in neuromelanin, including oxidizing species of iron, are released and further drive the neurodegeneration process (Block, et al., 2007; Zecca, et al., 2003; Zucca, et al., 2015) . This local inflammation and release of sequestered iron provides a compelling potential explanation and link to PD biology for the increased iron signal (b=0 hypointensity) seen within SNpc (as defined by neuromelanin-sensitive MRI) in PD subjects as compared to controls. Furthermore, the accumulation of paramagnetic iron released by the neuroinflammatory process in the lateral ventral portion of the NM SN would explain 
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Asymmetric degeneration patterns
Motor symptoms generally start on one side of the body and then progress to the other side (Hoehn and Yahr, 1967) . In the SNpc, this asymmetry is present in the form of dopaminergic neuronal loss in the SNpc contralateral to side more affected by PD (Kempster, et al., 1989 ).
In the current work, we found a similar pattern of asymmetric degeneration. Specifically, the NM SN contralateral to the side more affected by PD was shown to have a lower FA than the less affected side in PD patients.
Age specific and standardized ROIs
For analyses performed in the presented study, NM SN masks were derived from a cohort of young healthy controls. These masks were used to define ROIs applied in the FA and MD analysis. Similarly, T2w SN masks can be derived in a cohort of controls and transformed to standard space. However, iron concentration in the T2w SN volume is known to vary with age (Bilgic, et al., 2012; Haacke, et al., 2007) . Hence, the size of the T2w SN volume could be age dependent and future studies should take this variability into account by developing age-specific T2w SN masks. In addition, neuromelanin concentration in the locus coeruleus has been found to vary with age , and it is possible that neuromelanin concentration in the SNpc is also dependent on age. However, no imaging study has explored this possibility in the SNpc.
In this study, ROIs used for the SN were defined from T2w and NM SN masks generated from a group of young healthy controls. Individual NM SN masks could be used in lieu of these masks. However, postmortem studies have found a loss of dopaminergic neurons in caudal and lateral portions of the SNpc for subjects with PD (Damier, et al., 1999; Fearnley and Lees, 1991) . A reduction in neuromelanin sensitive contrast in PD is expected, and NM SN mask from PD patients may not include the entire NM SN mask derived from the controls The use of population masks, as derived from controls, allows for the examination of MD and FA in a more standardized and unbiased manner.
The spatial location of SN ROIs varies between studies and has been an impediment to the development of diffusion-related PD biomarkers (Schwarz, et al., 2013) . Consistent placement of SN ROIs can be achieved by defining ROIs in standard space and transforming them to individual subject space. The use of SN ROIs defined in standard space allows for diffusion data in different studies to be analyzed with similar ROIs.
Conclusion
In summary, we have presented an approach to ascertain PD related changes more consistently in the SN by utilizing standardized SN ROIs. Mean FA and MD values in SN ROIs defined using neuromelanin-sensitive MRI were lower in PD subjects when compared to controls but no difference was seen in T2w SN volumes. Furthermore, the disease effects in the rostral portion of the NM SN were larger than those in the caudal portion of the NM SN, which could be due to a combination of disease effects and iron accumulation in the rostral portion. Finally, we found asymmetry in the mean FA of the rostral portion of the NM SN, which was related to the side more affected by PD.
Figure 1.
Illustration of the inconsistency of SN hypointensity for two subjects with PD. Slices were placed four mm (two slices) below the red nucleus. The T2w hypointense SN for the first subject is shown in (A) with the NM SN (shown in blue) overlaid in (B). The T2w hypointense SN for the second subject is shown in (C) with the NM SN (shown in blue) overlaid in (D). Significant hypointensity is seen in (A) but is not present in the same region in (C) Comparison of FA and MD in NM and T2w SN volumes. Box plots illustrating the mean FA for PD and CO groups in NM and T2w SN volumes are shown in A and B, respectively. C and D display box plots illustrating the mean MD in NM and T2w SN volumes for PD and CO groups. In A and C, * and ** denote significance at the p=0.05 and p=0.001 levels, respectively. 
